Light-addressable potentiometric sensors (LAPS) and scanning photo-induced impedance microscopy (SPIM) use photocurrent measurements at electrolyteinsulator-semiconductor substrates for spatiotemporal imaging of electrical potentials and impedance. The techniques have been used for the interrogation of sensor arrays and the imaging of biological systems. Sensor applications range from the detection of different types of ions and the label-free detection of charged molecules such as DNA and proteins to enzyme-based biosensors. Imaging applications include the temporal imaging of extracellular potentials and dynamic concentration changes in microfluidic channels and the lateral imaging of cell surface charges and cell metabolism. This paper will investigate the current state of the art of the measurement technology with a focus on spatial and temporal resolution and review the biological applications, these techniques have been used for. An outlook on future developments in the field will be given.
Introduction
Light-addressable potentiometric sensors (LAPS) and scanning photo-induced impedance microscopy (SPIM) (a) Basic set-up for LAPS and SPIM measurements; (b) equivalent circuit for photocurrent measurements: i P is the photocurrent generated in the space charge layer, C SC is the DC voltage-dependent capacitance of the space charge layer and i Photo the current measured in the external circuit; (c) LAPS measure changes in the surface potential (shift from curve A to B) by monitoring the shift of the I-V curve at a constant current or the change in the current at a constant voltage. SPIM monitors changes in the maximum photocurrent (shift from curve B to C), which are directly related to the local impedance of the illuminated part of the sensor chip. (Online version in colour.)
are electrochemical imaging techniques based on photocurrent measurements at electrolyteinsulator-semiconductor (EIS) field-effect capacitors. By generating photocurrents locally with a focused light source, they provide information such as surface potential, ion concentrations and electrical impedance with lateral resolution without the need for a probe or a patterned substrate. In contrast with micro-fabricated arrays of electrodes or field-effect transistors, any spot on a featureless EIS substrate can be addressed with light. Hence, these techniques possess great potential for biological imaging applications, particularly where there is an interest in investigating processes taking place at the interface between cells and surface-an area generally not accessible to other electrochemical techniques. This review will describe the current state of the art of LAPS and SPIM in terms of lateral and temporal resolution and then review biological applications of the techniques and explore where research in this field might go in the future.
Measurement principle
A basic set-up for photocurrent measurements at EIS field-effect capacitors and a simple equivalent circuit describing the system are shown in figure 1a,b. By applying a DC voltage between a reference electrode immersed in the electrolyte and the semiconductor, a depletion or inversion layer with capacitance C SC is formed at the semiconductor-insulator interface. Electron-hole pairs generated by a light source focused into the semiconductor diffuse to the space charge layer where they separate in the field (see local current source i P in figure 1b) and cause a current i Photo to flow in the outer circuit, which charges the capacitive structure.
Modulating the intensity of the light source results in an AC photocurrent of the modulation frequency that depends on the applied DC voltage as shown in figure 1c .
The position of the photocurrent-voltage (I-V) curve on the voltage axis depends on the potential difference between insulator surface and solution, an effect that has been exploited for the measurement of various ion concentrations including pH [1, 2] , charged molecules such as DNA [3] , cell surface charges [4] and extracellular potentials [5] . This measurement mode is known as LAPS. LAPS images can be recorded either by monitoring photocurrents at a constant DC voltage in the depletion region of the I-V curve or by monitoring voltage changes while the photocurrent is kept constant.
Another measurement mode known as SPIM exploits the dependence of the maximum photocurrent observed in inversion on the local impedance of the insulator or anything in contact with the insulator [6] . Hence, recording photocurrent while applying a DC voltage corresponding to the saturation region of the I-V curve can be used to generate impedance images of the surface. In complex systems where both the impedance and surface potential might change at the same time, recording LAPS images becomes more complicated as changes in the maximum photocurrent caused by local impedance changes will also change the photocurrent corresponding to a particular charge state of the surface. In these cases, recording the phase shift between modulated light and photocurrent can be used as an alternative measurement mode [7, 8] as the phase has been shown to be relatively independent of local impedance changes [9] and is less sensitive to the fluctuation of light intensity and distribution of defects in the silicon substrate [7, 8, 10] .
Spatial resolution and measurement speed are the two most important properties of LAPS and SPIM imaging for biological applications and will be explored in the following sections.
Lateral resolution
The two main factors that limit the resolution of LAPS and SPIM are the lateral diffusion of minority charge carriers out of the illuminated area in the semiconductor substrate and the quality of the light focus for charge carrier excitation. The resolution has been investigated theoretically and experimentally for front and back side illumination of the EIS structure. For biological applications, front side illumination is not practical as irradiating living cells or microorganism may adversely affect their normal activity, and light scattering in the electrolyte solution may degrade the spatial resolution. The discussion below will, therefore, concentrate on the case of back side illumination, which has been adopted for most recent LAPS and SPIM investigations.
Lateral resolution has been defined differently depending on the experimental techniques used to determine it. Frequently, a photoresist pattern is deposited onto the insulator. Resolution can be defined as the distance required for achieving a photocurrent drop to 1/e of the total drop when scanning from an area with high photocurrent to an area with low photocurrent [11, 12] or the smallest size of the pattern that LAPS can resolve [13] . In other publications, resolution was determined by scanning a focused laser beam across the edge of a metal gate and measuring the decay of the photocurrent outside the gate area [6, 14] .
(a) Optimization of the semiconductor substrate Theoretical calculations have shown that the resolution for a thick semiconductor substrate is determined by the bulk diffusion length of charge carriers [15] . This is problematic in single crystalline silicon where the bulk diffusion length can be hundreds of micrometres. An improvement in the resolution can be obtained by limiting charge carrier generation to the space charge layer, which is difficult to achieve with back side illumination. Increasing the doping concentration in silicon also results in a higher spatial resolution [16] [17] [18] . The impurities work as scattering centres for free carriers, leading to a short recombination lifetime and thus a smaller diffusion length of the minority charge carriers, e.g. for n-type silicon with a resistivity of 0.014 Ωcm, a diffusion length of 14 µm was determined from a measurement of the photocurrent decay outside the gate area [15] . However, with a higher concentration of dopants in the semiconductor, more minority charge carriers produced by illumination will recombine resulting in a reduction of the photocurrent and, hence, a loss of sensitivity.
Direct semiconductor materials, which have smaller bulk diffusion lengths compared with the traditionally used single crystalline silicon, such as GaAs [19] , GaN [20] and amorphous silicon [14, 21, 22] , have been investigated as possible LAPS substrates. Moritz et al. [19] measured a diffusion length of 3.1 µm using GaAs as the LAPS substrate and a resolution of less than 1 µm with amorphous silicon [14] , which has been reported to have a diffusion length of 120 nm [23] . However, the problem of the poor quality of the insulators that can be deposited on these materials, which result in a large number of interface states and high leakage currents, has not been solved to date. Zhou et al. [24, 25] demonstrated the use of an amorphous silicon n-i-p/SiO 2 photodiode structure for SPIM measurements and achieved a resolution of about 10 µm. As the photocurrent is not generated at the insulator/semiconductor interface, a good quality insulator is not required in this case. However, the resolution was strongly dependent on the modulation frequency due to the conductivity of the topmost semiconducting layer in the diode structure. The n-i-p/SiO 2 substrates can only be used for local impedance measurements, but not for LAPS as the photocurrent does not change significantly with the applied DC voltage.
Thinning single crystalline silicon is currently the most effective method for improving the spatial resolution of LAPS [1, 6, [11] [12] [13] 16, [26] [27] [28] . With a thicker substrate, the charge carriers generated by light illumination travel a longer distance to the space charge region, causing a larger lateral spread and thus a decreased resolution. By thinning the silicon from 500 to 100 µm and further to 20 µm, spatial resolutions of 300, 100 and 10 µm were achieved by Nakao et al. [26] . However, very thin silicon is fragile and not easy to handle. This problem can be solved by the use of silicon on insulator (SOI) or silicon on sapphire (SOS) with a thin device layer. Ito employed a 0.5 µm thick silicon film on the transparent substrates sapphire and quartz to achieve a resolution of 5 µm [13] , although in this system, the semiconductor substrate consisted of doped islands functioning like a microelectrode array rather than a homogeneous LAPS substrate. Krause et al. [6] reported the use of an SOI substrate with a 7 µm thick device layer where a window was etched into the handle to obtain a free-standing silicon membrane accessible to back side illumination with light of short wavelengths. The effective diffusion length of minority charge carriers was measured to be 13 µm. The disadvantage of these devices was that the thin silicon membrane was easily distorted making the devices difficult to handle.
Thin, single crystalline silicon layers on a transparent substrate such as sapphire offer the advantage of mechanical stability while at the same time making the silicon layer accessible to back side illumination with a wide range of different wavelengths. Measuring the decay of the photocurrent outside the gate area, a diffusion length of 0.57 µm was measured with a 1 µm thick silicon layer on sapphire [6] . The best resolution reported to date for a LAPS/SPIM experiment with back side illumination is 0.8 µm obtained with a SOS substrate with a 0.5 µm thick silicon layer [11, 12] . Initial use of this substrate was fraught with problems as it is difficult to grow a standard thermal oxide on SOS most likely due to a mismatch of the thermal expansion coefficients of silicon and sapphire resulting in a large number of interface states and high leakage currents. Hence, alternative insulators have been used with SOS including a good quality anodic oxide [11] and, more recently, self-assembled organic monolayers [12] . The high resolution was not only due to the choice of semiconductor substrate, but also due to the optimized optical set-up, which will be discussed in the next section.
(b) Optical set-up
The focus and the wavelength of light are important aspects for achieving good lateral resolution with LAPS. Decreasing the spot size of the light source is a direct way to enhance the resolution of LAPS. Nakao et al. [1] employed a focused laser beam of 1 µm as the illumination source for LAPS for the first time, making the transition from a macroscope to a microscope. The effect of the wavelength of light on the resolution has been investigated theoretically and experimentally [11, 12, 17, 18, 26] .
(i) LAPS resolution in bulk silicon
Despite the short diffusion lengths measured with thin silicon layers in SOI and SOS, a lot of effort has been directed at the improvement of the resolution using bulk silicon substrates. To a large extent, this is due to a cost consideration as bulk silicon lends itself much more to the mass production of cheap sensor devices. For bulk silicon substrates, increasing the wavelength leads to a better resolution as light with longer wavelength can travel deeper into the silicon and thus generate charge carriers nearer to the space charge region [17] . Krause et al. [6] attempted to confine charge carrier generation to the space charge layer using a two-photon effect in silicon. For single photon absorption, charge carriers are produced throughout the bulk of the silicon. Using a laser with energy smaller than the bandgap of silicon, two-photon absorption is required for generating electron-hole pairs, thus limiting charge carrier generation to the focus of the laser. Placing the focus close to the space charge region, a significant improvement in the resolution was expected. However, using a 1560 nm femtosecond laser, this approach resulted in an improvement of the resolution of only 31% compared with the results obtained using a 632 nm He-Ne laser, indicating that a large number of charge carriers were still created outside the space charge layer.
Using an objective with a larger numerical aperture to focus the laser was proposed for further improving the resolution. Recently, improvement of the resolution of LAPS by using a ring of constant illumination around the modulated light probe has been suggested for thick silicon substrates (200 µm) [29] . The constant illumination is meant to suppress the lateral diffusion of charge carriers by enhanced recombination in the area of constant illumination. Simulations suggest that improvement in resolution is possible, but would be limited to 50 µm for a 200 µm thick silicon substrate due to the flooding of the central illuminated area with charge carriers through lateral diffusion causing a decrease of the amplitude of the photocurrent because of enhanced recombination. Experiments using fibre-optic illumination verified an improvement of the resolution from 92 µm without to 68 µm with a ring of constant illumination [30] .
(ii) LAPS resolution in thin silicon substrates An improvement of the resolution with decreasing wavelength was reported for silicon substrates of 50-200 µm thickness by Guo et al. [17] , who attributed this effect to a thinning of the space charge region, as longer wavelengths can penetrate deeper into the silicon and produce larger carrier concentrations in the space charge region around the illuminated point. In the same paper, Guo et al. also showed that decreasing the light intensity led to an improvement in the resolution because of a reduction in the carrier concentration in the space charge region.
The wavelength dependence of the resolution was also investigated for SOS substrates with silicon layers of 0.5 and 1 µm thickness [11, 12] . Focusing the laser beam through the solid sapphire substrate required a microscope objective with correction to minimize spherical aberration and achieve the best possible focus. In a wavelength range from 405 to 1064 nm an improvement of the resolution with decreasing wavelength was observed. For these ultrathin silicon layers, the penetration depth of the laser becomes less important and the wavelength dependence is more likely due to the Rayleigh criterion for a focused laser beam: where r is the resolution; λ, the wavelength and NA, the numerical aperture of the microscope objective used. At 405 nm, a resolution of 1.5 µm was obtained measuring photocurrent changes while scanning a focused laser beam across an SOS substrate with an SU-8 photoresist pattern (figure 2) [11] . Further improvement of the resolution to 0.8 µm was observed using a two-photon effect for charge carrier excitation with a femtosecond laser at 1250 nm (figure 2b). The nonlinear absorption improved the effective focus of the laser beam and drastically reduced any effects from light outside the central focus of the laser beam.
Temporal resolution
A typical experimental set-up for high-resolution LAPS and SPIM imaging is shown in figure 3 [9] . The stationary laser beam is focused into the semiconductor through a microscope objective. The LAPS substrate is mounted on an XYZ positioning system that allows imaging by moving the sensor with respect to the laser beam. Alternatively, the laser beam can be scanned across the sensor with a pair of galvano mirrors when imaging small areas [1] . The major problem with this approach is the low measurement speed due to the fact that the two-dimensional images are obtained by scanning pixel by pixel, and each photocurrent value needs to be measured in each spot. Furthermore, the frequency used in LAPS is in the order of kilohertz which makes this technique time consuming. A typical scan time at a resolution of 128 × 128 pixels is about 3 min when 10 ms of sampling time is spent for each pixel. This slow imaging speed makes it difficult to use this set-up for the investigation of fast processes such as chemical phenomena or visualizing the activity of biological systems.
Das et al. [31, 32] developed a fast measurement system based on a gimbal-less two-axis electrostatic comb-driven micromirror for scanning a focused laser beam across the LAPS substrate from the back side (figure 4). This system was able to measure the spatio-temporal change of pH in a solution with a speed of 16 frames per second (fps). In addition, a chemical image with 200 000 pixels of a photoresist pattern on the sensor surface was generated within 40 s. To avoid mechanical movement altogether, commercially available projectors and displays were suggested to illuminate different spots on the LAPS substrate [21, [33] [34] [35] . A digital micromirror device (DMD) [33] , a pico-projector based on digital light processing (DLP) [21] , an OLED display [35, 36] and a liquid crystal-based projector [34] were employed to address different spots on the sample. All these devices have the advantage that they are capable of addressing a large number of measurement spots. While the modulation frequency for the DMD and the liquid crystal projector have to date been limited to maximum values of 720 and 30 Hz, respectively, resulting in relatively long sampling times, a customized driver circuit allowed for modulation frequencies of 1-16 kHz for an OLED display [37] .
A different approach for increasing the imaging speed is the use of arrays of light sources to illuminate different spots on the LAPS substrate simultaneously. Zhang et al. [38] first introduced this method by illuminating the LAPS chip with three light pointers, each modulated at a different frequency. A fast Fourier transformation (FFT) algorithm was used to restore individual signals from a superposition of the signals at different frequencies. This frequency division multiplex has been used for the development of a number of fast imaging systems. Wagner et al. [39] employed a 4 × 4 LED array with each LED modulated at a different frequency for fast simultaneous measurement of 16 sensor spots. A combination of multiple light sources modulated at different frequencies and mechanical scanning was proposed by Miyamoto et al. [40] , who scanned a linear LED array with 3.6 mm spacing across a LAPS substrate to achieve fast imaging. A scan time of 6.4 s at a resolution of 16 pixels×128 lines was reported. The measurement spot density for this approach was increased by miniaturising the light sources using an array of vertical cavity surface emitting lasers (VCSELs) with a pitch of 250 µm [41] . Recently, a high-speed chemical imaging system based on 64 light beams guided by an array of optical fibres was developed to measure dynamic pH changes inside a microfluidic channel formed on a LAPS substrate . High-speed laser scanning set-up for LAPS using a two-axis analogue micromirror [31] . PDMS, polydimethylsiloxane; DAQ, data acquisition. (Online version in colour.) (figure 5) [42] . Using optical fibres allows for the layout of the light sources to be adapted to a specific measurement problem. Frames rates of 100 fps were achieved using this system.
Biological applications of LAPS and SPIM (a) The detection of surface potentials (i) The emergence of LAPS
Hafeman et al. [43] developed LAPS by combining the scanned light pulse technique (SLPT) with an EIS structure in 1988. The sensing area of LAPS was defined by the illumination, which gave it the inherent attribute of multichannel detection. As the I-V curve of LAPS responds to the surface potential, the pH could be monitored by a potential shift with a pH-sensitive silicon oxynitride insulating layer in accordance with the Nernst equation, which has since become a standard test. Potassium ions were measured with a Nernstian potential response with a valinomycincontaining K + -selective membrane. Redox pairs such as ferricyanide-ferrocyanide were also measured by depositing metal pads over the insulator. The enzymatic reaction of urea with urease was monitored by measuring pH changes caused by the production of ammonia. This work set (ii) Ion detection LAPS has been widely used to detect various ions such as K + , Ca 2+ , Mg 2+ [44] (iii) Redox potentials LAPS was developed to detect redox potential changes in solution, which required a partial golddeposited layer compared with the conventional EIS structure [43, 56] . Different ratios of the redox pair ferricyanide-ferrocyanide could be monitored by the potential shift of I-V curves, which can be further used in the detection of enzymatic reactions involving redox active species. The distribution of the redox potential with a gold layer on the insulator cannot be determined as the redox potential would be the same everywhere on the gold. Oba et al. [57] demonstrated that redox potentials in the presence of ferricyanide-ferrocyanide could also be measured without the presence of a gold layer, even though the mechanism of potential formation is not clear in this case.
(iv) Enzymatic reactions
Enzymatic reactions have been monitored by LAPS based on pH [58] and redox potential sensing [56] . LAPS has been used to detect enzymes, the substrates, the products and the inhibitors of enzymes and the rate of enzymatic reactions. The investigations included urease [59] , acetylcholinesterase (AchE) [60] [61] [62] , ethanol dehydrogenase (ADH) [63] , glucose oxidase, penicillinase [64] [65] [66] , horseradish peroxidase (HRP) [56] , α-chymotrypsin, butyrylcholinesterase [67] , β-D-fructofuranosidase, α-D-glucosidase and glucokinase [68] . Seki et al. [64] used a pH-sensitive surface for the detection of urea, penicillin and glucose by immobilizing urease, penicillinase and glucose oxidase, respectively, on the insulator. Enzymatic reactions in organic media were also recorded using LAPS [67] . LAPS have been used as detectors in enzyme-linked immunosorbent assays (ELISA). A commonly used model employed urease as the label to produce a LAPS signal ( figure 6) [69] . Immunosensors with LAPS detectors were applied to the measurement of various antigens including an antibody to the hepatitis-B virus envelope protein [70] , asialofetuin [71] , DNA [72] , plasmids [73] , Newcastle disease virus [74] , Venezuelan equine encephalitis virus [75] , spores and cells [76] , Escherichia coli [77] [78] [79] , salmonella [80] , Bacillus subtilis [69] and terbuthylazine [81] . Redox-based HRP was also used as a label enzyme in the model to detect 2,4-dichlorophenoxyacetic acid (2,4-D) [63, 82] .
(v) Cellular metabolism
Cellular metabolism produces acid as an excretion in the form of protons, lactic acid or CO 2 through glycolysis and respiration. The extracellular acidification response to cellular metabolism could be monitored with pH-sensitive LAPS [2, 39, 63, [83] [84] [85] [86] [87] , and the influence of drugs, toxins or growth factor on cellular metabolism could be evaluated [88] [89] [90] [91] [92] , which was called a microphysiometer. Seki et al. [93] developed a LAPS microbial assay for tryptophan sensing based on extracellular pH changes. The sensor detected the acidification rate of E. coli WP2, which was dependent on the growth of E. coli WP2 and tryptophan concentrations. A multichannel microphysiometer based on multi-LAPS was developed to measure several extracellular ions concentrations (H + , K + , Ca 2+ ) simultaneously in living cells under the influence of drugs [94] .
(vi) Extracellular potentials and ionic currents
Tanaka et al. [95] applied LAPS to the measurement of the membrane potential of Aplysia's neural cells. The sensor output photocurrent related to the surface potential decreased along with the cell membrane potential. However, the surface potential shift was only 1.3% of the change of the membrane potential.
Parak et al. [15] raised the question whether LAPS can detect extracellular potentials of cardiac myocytes, which have already been demonstrated with field-effect transistors and substrate-integrated microelectrodes. Time-dependent LAPS photocurrent signals that correlated with contractions of cardiac myocytes were observed. Unfortunately, the LAPS substrate was illuminated from the front in this case, making it impossible to separate the effects from changes in the extracellular potential and the shape of the cells during the mechanical contractions.
In sensitive enough to measure the small change of surface potential due to the extracellular transients of the neural action potential. Later, LAPS was shown to be capable of detecting small surface potentials that could be correlated to extracellular potentials or averaged ion currents of neuronal cells upon periodic stimulation [5] . Very small surface potential changes of about 10 µV were reported, which were thought to be due to insufficient attachment of the cells to the sensors surface.
Xu et al. [97] studied extracellular action potentials of single living rat cortical neurons under acetylcholine as stimulus. The extracellular potential LAPS system was used as an olfactory cell-based biosensor for odorant stimulus monitoring (acetic acid, glutamic acid, butanedione) [98] [99] [100] . Mouse embryonic stem cells were cultured on the surface of the LAPS and induced to differentiate into cardiac myocytes and neurons. Extracellular potentials of the cells were recorded, and the characteristic effect of cardiac stimulants (isoproterenol) and relaxants (carbamylcholine) on the cardiomyocytes was investigated [101] , although front side illumination of the LAPS made it again impossible to distinguish between extracellular potentials and shape changes in the beating cardiac myocytes. The cardiac cell-based biosensor was also used for detection of heavy metal toxicity (Hg 2+ , Pb 2+ , Cd 2+ , Fe 3+ , Cu 2+ , Zn 2+ ) through extracellular potentials by LAPS [102] . The same set-up was used to detect extracellular potentials of taste receptor cells and their response to taste stimuli of NaCl, HCl, MgSO 4 , sucrose, glutamate and acidic sensation [103, 104] .
(vii) Label-free detection of proteins, DNA and cells by potential shift
Recent research results suggested that the immobilization of charged molecules and cells onto the LAPS surface could directly induce a change of the surface potential. This has been applied to the detection of proteins, DNA and cells by potential shift directly without labels. Alpha fetoprotein (AFP) was detected by a surface potential change caused by binding to immobilized antibodies on a membrane. The response to 400 µg l −1 of AFP was about 11 mV [105] . Jia et al. [106] developed phage-modified LAPS to detect the cancer marker hPRL-3 in a concentration range of 0.04-400 nM with a maximum response of 10 µV, and cancer cells (mammary adenocarcinoma) in the range of 5 × 10 3 -5 × 10 5 ml −1 with a maximum response of 60 µV, respectively. L-DOPA-activated LAPS were applied to detect unlabelled rabbit anti-mouse IgG [107] . LAPS has also been used for the detection of four tumour markers (AFP, carcinoembryonic antigen, cancer antigen 19-9 and ferritin) [108] and human IgG [109] .
Non-labelled DNA biosensors based on LAPS were developed to detect the hybridization of probe DNA and target DNA [3, [110] [111] [112] [113] [114] . Potential shifts were caused by the intrinsic negative charge of DNA. Using anti-ATP aptamer as recognition element immobilized on the surface of LAPS, local ATP secretion from a single taste receptor cell can be detected by measuring the potential shift [115] . Hg 2+ was detected with an aptamer-modified LAPS. The surface potential was influenced by the aptamer's morphology and charge [116] . A carboxylated graphene oxide (GO-COOH)-modified LAPS substrate was developed for the label-free detection of circulating tumour cells by measuring potential shifts [117] .
The surface potential shift of LAPS has been related to the Nernst potential due to ion binding to surface states of the insulator, to ion exchange equilibria with ion-selective membranes, to redox potentials, to extracellular potentials or ionic currents of excitatory cells, and further to the surface charge status of immobilized molecules and cells in a broad sense.
(b) The detection of local impedance SPIM has been applied to the measurement of local impedance [6, 24, 118] . The potential of the technique for interrogating sensor arrays was demonstrated by depositing an array of polymer dots of cellulose acetate and α-chymotrypsin sensitive poly (ester amide) on a SPIM substrate and monitoring their enzymatic degradation by recording changes in the maximum photocurrent and impedance [25] . Yu et al. [119] used impedance measurement with SPIM to monitor the cell adhesion of rat kidney cells, which showed a 10% change of impedance. The real-time monitoring of cellular impedance and cellular acidification for cell growth and metabolism were combined into one sensor named light-addressable potentiometric and cellular impedance sensor (LAPCIS) [120] .
SPIM was also used for the characterization of microcapsules [9] and yeast cells [4] on organic monolayer-modified SOS surfaces. The use of organic monolayers as the insulator decreased the impedance of the insulator substantially and resulted in an improved sensitivity for local impedance changes.
(c) Multichannel detection
The sensing area of LAPS depends on the illuminated area, which is natural for multichannel detection [43, 121] . This was achieved experimentally for pH detection [122] and impedance measurements (see §5b) [25] of selected areas at the same time with a single semiconductor device. Stein et al. [83] monitored metabolic activity of two different co-cultured cellular populations seeded on different segments of one LAPS device. Yu et al. [86] designed a multifunctional integrated LAPS system for simultaneously detecting cell acidification and extracellular potential of cardiac myocytes. Yoshinobu et al. [123] developed a portable 4-LED LAPS to detect four different ion species by integrating different ion-selective materials on the sensing surface. Jia et al. [108] described a label-free multi-tumour marker parallel detection system based on LAPS (see §5a(vii)).
A handheld 16-channel 'chip card'-based LAPS device for the simultaneous real-time measurement of 16 sensor spots (see §4) was used for the detection of different Cd 2+ concentrations and metabolic activity of CHO cells at different locations of the sensor surface [39, [124] [125] [126] .
(d) LAPS imaging
In 1994, Nakao et al. [1] first constructed a two-dimensional pH-imaging sensor to observe H + distribution produced by colonies of yeast ( figure 7) and later E. coli [127] through scanning a laser beam focused to a spot of approximately 1 µm diameter. The scanning-laser-beam LAPS imaging system was applied to urea imaging using the pH change caused by the reaction with urease [128] , redox potential imaging of K 3 Fe(CN) 6 /K 4 Fe(CN) 6 [57] , and dynamic imaging of the Belousav-Zhabotinsky reaction [129] . Yoshinobu et al. [130] applied the pH-imaging sensor to the visualization of ionic diffusion in an electrochemical system. The diffusion coefficients of ions were investigated, which demonstrated the applicability of the pH-imaging sensor in the quantitative analysis of chemical dynamics.
Tanaka et al. [95] cells. SPIM and LAPS using organic monolayer-modified SOS substrates were used for the imaging of microcapsules (diameter approx. 10 µm) with high lateral resolution (figure 8) [9] . The same substrates were shown to be sensitive enough to image-patterned self-assembled organic monolayers obtained by micro-contact printing (µCP) [12, 131, 132] . Modifying SOS substrates with an inert monolayer of 1,8-nonadiyne resulted in a pH-insensitive surface which was used for imaging both the surface charge and the impedance of colonies of yeast cells [4] .
High-speed LAPS imaging was used to record a movie of the pH distribution inside a microfluidic channel at 100 fps (figure 9) by illuminating 64 points simultaneously using optical fibres (also see §4) [42] . The visualization of urease catalytic reaction in a microfluidic channel by high-speed LAPS imaging was achieved using an OLED panel as the light source [133] .
Conclusion and outlook
LAPS and SPIM are versatile techniques suitable for measuring potential changes induced by changes in ion concentrations, the adsorption of charged molecules, extracellular potentials and cell surface charges, and can also in parallel be used for the measurement of local impedance. The light-addressability of the sensor substrates provides the option of laterally resolved measurements, which can be used for the interrogation of sensor arrays and for biological imaging. Suitable surface coatings and surface modification provide specificity for different analytes such as ions, and the label-free detection of DNA, proteins and different cell types. Immobilization of enzymes allows the adaptation of LAPS for a vast number of biosensor applications.
The technology for interrogating sensor arrays using LAPS is mature. The review has shown methods for fast measurements of a large number of measurement spots simultaneously that can be used for real-time monitoring of concentration changes in microfluidic and biological systems. Recent advances in DLP will enable the LAPS community to progress from the interrogation of 64 to hundreds or even thousands of individual spots on a single LAPS substrate simultaneously and in real time.
The potential of LAPS and SPIM for biological imaging has been demonstrated with a number of different model systems. Some authors have been able to monitor fast temporal changes of extracellular potentials using LAPS, while others have shown the feasibility of high-resolution imaging with submicrometre resolution.
To realize the full potential of LAPS and SPIM as truly useful tools for functional electrochemical imaging, fast photocurrent imaging and high resolution will have to be combined in the same measurement system in the future. It is envisaged that fast electrical and biochemical imaging with subcellular resolution will be useful for investigating the mechanisms of disease and toxicity and the effectiveness of drugs in in vitro cell models.
